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PREFACE

This report was prepared by the Electronics Technology Laboratory of
the Engineering Experiment Station of the Georgia Institute of Technology.
This work was conducted in response to Task N-0-5015 under Contact No. F30602-
78~C-0120 of the RADC Post-Doctoral program. The described work was performed
under the general supervision of D. W. Robertson, Director, Electronics
Technology Laboratory, and H. W. Denny, Head, Electromagnetic Compatibility
Branch. The principal investigator responsible for the project-level direc-
tion was Donald E. Clark, Senior Research Engineer. William R. Hardell,
co~op student, performed most of the experimental work and model construction.
Dr. Gordon R. Harrison's suggestions pertaining to the ferrite material

selection are appreciated.
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1.0 EXECUTIVE SUMMARY

1.1 BACKGROUND

Communication systems that are collocated as on an aircraft or at a
ground station often interfere with each other when operated simultaneously.
Interference cancellation systems (ICS) have been developed for use at trans-
mitter and receiver antenna connections to reduce this type of interference.
The ICS is a balanced bridge configuration with a radiated path between
two antennas and a conducted path between a transmitter output and a receiver
input. Within a controller located in the conducted path, a signal is syn-
thesized to cancel at the receiver input the interfering signal that couples
via the radiated path. Since the ICS is a balanced bridge arrangement,
any movement between antennas in the radiated path that is not corrected
in the conducted path results in a reduction of the cancellation. On air-
craft installations the flexing of the wing antennas results in a varying
radiated path that is not compensated for in the conducted path. To provide
the compensation required for path changes, an adaptive time delay circuit
or device is required in the conducted path to correct for the varying ra-
diated path length. The objective of this program is to study and investi-
gate techniques and devices for use in an adaptive time delay circuit.

Time delay circuitries usable within the HF (2-30MHz) and UHF (225-400 MHz)

bands are to be investigated.
1.2 SUMMARY

Two time delay line techniques have been studied and investigated.
Both techniques are similar in that they are broadband, low-loss, low-imped-
ance (50 ohms)., and nanosecond variable, i.e., offers nanosecond resolution.
For the HF band, the delay line is electrically variable and utilizes ceramic
dielectric and ferrite materials in a coaxial line configuration. The UHF
band delay line is mechanically variable and utilizes coupled helical trans-
mission lines.

Experimental models of the two delay lines have been designed and con-

structed. The design principles and the construction details of the two
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‘and this technique is a viable candidate for the HF delay line. The charac-

i | 1

delay lines are given. Characteristics such as time delay variation, inser-
tion loss, input impedance, VSWR, power-handling capability, and intermodu-

lation products have been measured and reported in graphical or table form.
1.3 CONCLUSIONS

Experimental results for the ferrite-loaded helical line were very good,

teristics of the line can be improved through better construction techniques.
The experimental results for the coupled helical line were encouraging.
Additional development is needed to realize its potential as a candidate

for the UHF delay line. 1In particular, improved coupling and termination

techniques need to be investigated.
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2.0 DESIGN OBJECTIVES

The delay lines are to be designed so that they may be inserted with
minimum modification in the conducted path of an ICS. The lines should
have a flat response in amplitude and a linear phase response (constant
time delay) with respect to the input. Any nonlinearity will cause distor-
tion on the synthesized signal in the conducted path. Since the distor-
tion cannot be cancelled, it limits the achievable ICS cancellation. Signal
bandwidths of at least 3 KHz need to be accommodated. The other performance

objectives for the delay line techniques are:

Frequency . « « o« o o « s « s+ s o o o o » HF (2-30 MHz)
UHF (225-400 MHz)
Time Delay Variation. . . . - « « « « . . 10 nanoseconds
Time Delay Resolution . . « « « « «. . . .*0.01 nanosecond
Time Delay Variation Rate . . . . . . . . 15-20 Hz
Insertion Loss. « . + ¢« « s+ = ¢« « « « «» o 1 dB or less
Power Capability. . . . . + « « . . . . . 50 watts average
Input Impedance . .« « » . + « « « +» « « « Nominal 50 ohms

Intermodulation Products. » « + « « » « « 55 dB down from input

Y » T, TIPS JIw = 57 SRR AT AV LS8~ . AT ECoe
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3.0 CANDIDATE DELAY LINE TECHNIQUES

A comprehensive survey of the technical literature and manufacturer
information pertaining to variable time delay techniques has been completed
and reported on during a previous Air Force sponsored program [1]. It was
found that numerous time delay techniques had been investigated. However,
many of the time delay methods were not suitable for this program's design

objectives. The reasons are:

(1) Many of the methods have high insertion or conversion losses
on the order of 25-50 dB.

(2) oOther methods had long time delays on the order of microseconds
and were not capable of nanosecond variability.

(3) Some methods were narrowband and required tuning to operate
over a frequency band.

(4) Nonlinear devices such as diodes or mixers which produce unde-
sired high-level intermodulation products when operated at
high power levels were used in some methods.

(5) The modes, e.g. spin waves, used to produce time delay in

many methods do not exist in the lower frequency ranges.

Based on the survey evaluation and further investigations early in
this program, two delay line techniques were selected for study and investi-
gation per the design objectives. For the HF band, a coaxial transmission
line with a helical center conductor wound on a ferrite rod embeddded in
a high-permittivity dielectric material was chosen. The time delay through
the line is varied by applying a dc magnetic field to change the permeabil-
ity of the rod. Experimental results obtained during the previously mentioned
Air Force sponsored program showed the feasibility of this type of variable
delay line. To permit brevity, this line will be referred to as the ferrite-
loaded helical line. For the UHF band, a coupled helical transmission line
was selected. The line consists of a metallic helix wound on a dielectric
form. The axial propagation velocity down the helix is a fraction of the
velocity along the helical conductor. The time delay through the helical
transmission line is varied by mechanically changing the coupled path length.

Early in this program, calculations and review of previous investigations

[ )} oy B -y YO A 0 LV PTG AT . " AW
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showed the feasibility of this line per the design objectives,
The following sections report in detail on the ferrite-loaded helical
line and the coupled helical line. The design principles, model construc-

tion, and experimental results are discussed. For a review of time delay

relationships pertinent to the discussions, refer to Appendix A.
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4.0 HF VARIABLE DELAY LINE

The ferrite-loaded helical line was investigated by Megla and others
{2] in 1968. Their application of the line was for fixed time delays.
Nevertheless, Megla's design equations and design example are used as a

basis for this investigation of variable delay lines.
4.1 DESIGN PRINCIPLES FOR THE HF DELAY LINE

For the ferrite-loaded helical line, a coaxial section is used with
the center conductor replaced with a helix on a ferrite rod and a high-per-
mittivity dielectric material is used to fill the annular space. This con-
figuration increases both the inductance (L) and capacitance (C) per unit
length as compared to the usual coaxial line construction. The time delay
per unit length, which is equal to \JEE~, is thus increased. The character-
istic impedance of the line is equal to \JE7E',and low-impedance is achieved
by using a high-permittivity dielectric in the annular space to increase

the capacitance C.

The complete solution for the propagation characteristics through the
ferrite~loaded helical line requires a solution of the wave equation. How-
ever, the line may be characterized in terms of L and C since the wavelengths
of interest are greater than the significant line dimensions. Simplifying
assumptions are made to approximate L and C. The inductance is taken to
be the sum of the inductance of a coaxial line and the inductance of the

helix. Thus the inductance 1is expressed as:

L=LC+Lh (1)

where

coaxial line inductance per unit length

helix inductance per unit length.

Based on this assumption, Megla gives the inductance per unit length as:

|
i
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L = Pre Yo 1In d/b 1+ (Nnb)2
27 2 Moo In d/b
2,2

@ /v” - 1) + urh/urc

where

Hre = permeability of the coaxial dielectric

Yop = Permeability of ferrite material

magnetic constant = 47 x 1077 henrys/meter

Uo*'-

d = outer diameter of dielectric material
b = outer diameter of helix

N = helix turns per unit of length.

The capacitance of the line ig approximated by replacing the helix
with a continuous conductor which is an accurate model for small pitch angles.
With this approximation, the capacitance is simply that of a coaxial line

and is equal to:

21 € [

c=_._xX2 (3)
In d/b
where
€ = relative permittivity of coaxial dielectric

rc

€o = electric constant = 8.854 x 10-12 farads/meter.

Equations 2 and 3 are the basic equations needed to design the ferrite-

loaded helical line. The characteristic impedance is given by:

z, = (Lrcyt/? %)
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where Zh is in ohms. The time delay per unit length is given by:

e, = tert/2, (5)
Equations 2, 3, 4, and 5 were used to design the variable ferrite-load-
ed helical line. First the diameter ratio was chosen for a characteristic
impedance of 50 ohms when the ferrite material permeability Lo Was at
its mid-range. (The variability of the ferrite material is discussed in

the next section.) Next the time delay variation was calculated by the

equation:
bty = (tu=o = (t4)hmnmax (6)
where
rey = time delay variation in seconds per unit length
(td)H=0 = time delay for unmagnetized ferrite in seconds
per unit length
(td)H=max = time delay for saturated ferrite in seconds

per unit length.

The design equations for the ferrite-loaded helical line do not account
for the air gaps between the ferrite rod and the ceramic dielectric and
between the ceramic dielectric and the outer conductor. These air gaps
reduce the effective permittivity of the line and in turn the line capaci-
tance. The importance of minimizing the air gaps is evident when consider-
ing the two-dielectric capacitor shown in Figure 1, which may be considered

as an "unrolled" model of the coaxial line. The effective dielectric con-

stant of the material is:

=~ + 1 (7)
Ceff 2 %y
where
Ceff = effective dielectric constant
€y = dielectric constant of material

asadaiii, 8] B . - . 1 " . ”
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Ql = air gap thickness in inches

£2 = dielectric material thickness in inches.

As an example consider a two-dielectric capacitor with an air gap (e1

=1), €y = 200, Ql = 0.001 inches and ¢, = 0.5 inches. The effective die-

2
lectric constant is found to be 143, a large reduction from the 200 dielec-

tric consta- t,

onductor
Air (g,)
1
¢y “////
) «——Pielectric
2 // Material (e,)

Figure 1. Two-Dielectric Capacitor

Another factor in the design of the ferrite-loaded helical line is
the power-handling capability. Approximating the helical line as a lossless
coaxial line, the gradient [3] at the surface of the center conductor is:

1/2

E = 2.37 (8)

where

E = gradient in peak volts/mil

=%
n

diameter of center conductor in inches

5

voltage standing wave ratio

Z = characteristic impedance in ohms

,
L]

dielectric constant

PKw = power in kilowatts.
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The loss of the ferrite-loaded helical line also determines the power-hand-
ling capability since a fraction of the input power is absorbed as loss.
Since the losses increase with frequency, the power-handling capability

is also a function of frequency. The absorbed power is dissipated as heat
with a rise in temperature of the materials within the line. High tempera-
tures may change the material properties, and thus the delay line character-

istics. To minimize these changes, the line may be cooled.

4.2 MATERIAL SELECTION

The material selected for construction of the ferrite~loaded helical
line ultimately determines the line characteristics. Before discussing
the material, first consider the behavior of a ferrite material [4] when
a magnetic field is applied. Figure 2(a) shows the typical complex permea-~
bility of an unmagnetized ferrite as a function of frequency, and such data
are referred to as the initial permeability spectra {5]. The permeability
changes that are important for the ferrite loaded helical line are due to
domain wall motions and not the gyromagnetic effects that occur at higher
frequencies. For a partially magnetized ferrite as shown in Figure 2(b),
the inductivity (4') and the magnetic loss factor (1") decrease in ampli-
tude. When the ferrite is saturated, as shown in Figure 2(c), the inductiv-
ity is unity and the magnetic loss factor is very small. The change of
permeability with the applied dc magnetic field is the mechanism that pro-
duces the variable delay in the ferrite-loaded helical line. Thus to achieve
large time delay variability, a material with high initial permeability should
be selected. However, a trade-off must be made between high initial perme-
ability and loss. This trade-off is evident in Figure 3. Complex permea-
bilities of three ferrite materials A, B, and C are shown. For ferrite
A the inductivity is the highest but so is the magnetic loss factor. For
ferrite C the inductivity is less and the magnetic loss factor is less.
Notice that the frequency range for ferrite C is greater.

Based on the trade-off considerations, a nickel-cobalt ferrite type
TT2-101 supplied by Trans-Tech, Gaithersburg, Maryland was selected for
the ferrite-loaded helical line. The TT2-10l has an initial complex permea-

bility of 19 + j0.15 at 30 MHz. The loss of the material increases

10
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rapidly for frequencies above 100 MHz. The dielectric constant of the mate-
rial is 12.8,and the dielectric loss tangent (tang) is less than 0.0025.
The material's Curie temperature is 585 degrees C.

Desirable properties of the dielectric material for use in the anpular
space of the ferrite-loaded helical line are a high dielectric constant
and a low dielectric loss tangent. The high dielectric material increases
the capacitance and in turn the time delay. The dielectric material selected
was MCT-140 also supplied by Trans-Tech. MCT-140 is a ceramic with a calcium
titanate composition with a dielectric constant of 140 :+ 10% and a dielectric
loss tangent less than 0.002. Handbook data [3) states the dielectric strength

of calcium titanate as 100 volts/mil.
4.3 MODEL CONSTRUCTION FOR THE HF DELAY LINE

Two design models of the ferrite~loaded helical line were constructed.
For discussion purposes the models are designated as Design Models 1 and
2. Drawings and design data for the two models are given in Figure 4.
Design Model 1 is the shorter line and utilized a 2.25 inch ferrite rod.
Design Model 2 is the longer line and has a 6.0 inch ferrite rod. Figure
5 is a picture of the Design Model 2 and the solenoid used to generate the
applied dc magnetic field.

Two solenoids were used. The solenoid for Design Model 1 was 3.5 inches
long with an inner diameter of 1.25 inches. The solenoid had 1500 turns
of 22 AWG enamel-coated copper wire. The Design Model 2 solenoid was 7.5
inches long with an inner diameter of 0.75 inches. This solenoid had 1250
turns of 22 AWG enamel-coated copper wire. The method used to calibrate
the solenoids is discussed in Appendix B.

The coaxial line construction has several inherent advantages: (1) the
line is shielded from external electromagnetic interference (EMI), (2) stray
capacitance and inductance are minimized, and (3) close coupling occurs
between the applied dc magnetic field and the ferrite rod.

Several mechanical constraints were encountered during the construction
of the design models. First, a more precise construction technique would
entail the machining (diamond grinding is required) of a helix form into
the ferrite rod. The entire rod would next be metallized, and the excess

metal machined off to produce a metallic helix embedded in the ferrite rod.
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Figure 5. Photograph of Ferrite-Loaded Helical Line

Such construction with close tolerances minimizes the air gap between the

ferrite rod and the ceramic cylinders. After discussions with manufacturers :
of ferrite components, it was found this was not a common machining op- ;
eration,and the initial tool set-up costs were therefore expensive.

Based on this information, the alternative of using an aluminum tape helix

wound on the ferrite rod was chosen. Of course, this procedure results

in a larger air gap. Another constraint encountered was in the machining
of the ceramic dielectric cylinders. For Design Model 2, a 6-inch long
ceramic cylinder is more desirable. However, three shorter cylinders had
to be used since the holes in the cylinders can not be machined with close
tolerances for lengths greater than about 2 inches. Ferrite rod lengths
are also constrained by the machining process,and only rod lengths less
than {0 inches are available. The tolerance limit for the diameters of
the ferrite rod and ceramic cylinders is about * 0.1 mil (100 microinches),

which dictates the minimum obtainable air gaps using a machining process.
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The design equations in Section 4.1 were used to determine the design param- !
eters (Figure 4) such as the diameters and the helix turns per inch. By
assuming no air gaps in the line., approximately 2.5 nanosecond/cm time delay .
variability is possible based on calculations. With a 1.0 mil air gap, \
a time delay variability of 1.25 nanoseconds/ecm is possible, again based

on calculations. As will be seen in the next section, about 0.75 nanosec-
ond/cm was actually measured. This result indicates the air gaps in the

constructed line were greater than 1 mil. Clearly, the precision of the

line construction significantly affects the obtainable time delay variability.
- 4.4 EXPERIMENTAL RESULTS FOR HF DELAY LINE

Descriptions of the test instrumentation and procedures used to make
the experimental measurements are in Appendix B. Results for both design }

models are presented starting with Design Model 1.

4.4.1 DESIGN MODEL 1

Measured characteristics as a function of frequency are shown in Figure
6. The group delay was measured for three different levels of applied dc
magnetic field. Also shown on the graph is the insertion loss at the same
three magnetic field levels. Notice that both the group delay and insertion

- loss decrease as the applied dc magnetic field increases. Another set of

: characteristics were measured as a function of the applied dc magnetic field L
~ with the frequency held constant. These results are shown in Figure 7, 8, 9,

10, 11, and 12 for frequencies of 4 MHz, 8 MHz, 16 MHz, 30 MHz, 50 MHz, and

100 MHz, respectively. Both group delay and phase delay (see Appendix A)

measurements are displayed. Notice that the phase delay has been normalized

progmasas e

while the group delay points are the absolute values. Figure 13 is a graph

of the measured input impedance as a function of frequency and applied dc
magnetic field.

Table 1 lists the results of intermodulation measurements made on De-
sign Model 1. Both input signals (f1 and fz) were at 2 watts average power.
The intermodulation levels are the maximum levels observed while varying

the applied dc magnetic field.

17 AP . 3 WA 45 ©2s ety NV,

< The power-handling capability of Design Model 1 was tested by apply-

ing 50 watts average power for a 3-hour period. The model is capable

16
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TABLE 1

INTERMODULATION PRODUCTS LEVELS FOR DESIGN MODEL 1

TEST FREQUENCIES

IM PRODUCT LEVELS

= 30 MHz, 2 watts SMHz, -60 dB
= 35 MHz, 2 watts 60 MHz, -60 dB
65 MHz, -53 dB
= 25 MHz, watts S MHz, -62 dB
= 30 MHz, watts 50 MHz, -62 dB
55 MHZ, "58 dB
60 MHz, -60 dB
= 25 MHz, watts 10 MHz, -60 db
= 35 MHz, watts 50 Muz, -58 dB
60 MHz, -54 dB
70 MHZ, _58 dB
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of 50 watts,and during the test period,no variation in the insertion loss

was observed.
4.4.2 DESIGN MODEL 2

The basic measurements made on Design Model 1 were also made for
Design Model 2. Figure 14 shows the characteristics of Design Model 2 as
a function of frequency and applied dc magnetic field. The measured group

delay of Design Model 2 is not as flat as the group delay for Design .

Model 1. This increased variation in group delay occurred because the char-
acteristic impedance of Design Model 1 is much greater than 50 ohms. Figure
15 shows the measured input impedance. Notice that the peaks and troughs

of the group delay data are related to the input impedance variations.

GROUP DELAY (nanoseconds)

INSERTION LOSS (dB)

FREQUENCY (MHz)

Figure 14. Characteristics of the Ferrite-Loaded Line
Design Model 2 at Different Applied DC
Magnetic Field (H) Levels
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The group delay variations of Design Model 2 can likely be reduced consider-
ably through redesign. The characteristics of Design Model 2 as a function
of applied dc magnetic field with frequency fixed are shown in Figures 16,
17, 18, 19, 20, and 21 for 2 MHz, 4 MHz, 8 MHz, 16 MHz, 30 MHz, and 50 MHz,

respectively.

Intermodulation measurements for Design Model 2 are listed in
Table I1. A comparison with the Design Model 1 intermodulation products
reveals that Design Model 2's are at higher level. The reason for this
increase is not completely understood, but may be caused by the higher VSWR
levels in Design Model 2 or may result from the permeability rate of change
due to the differences in lengths.

The power-handling capability of Design Model 2 was tested in
the same manner as for Model 1. Again the model can handle the 50 watts,

and no variation in the insertion loss was observed.
4.5 CONCLUSIONS - HF DELAY LINE RESULTS

The design principles, method of construction, and experimental

results for the HF variable delay line have been investigated. The use

of the ferrite-loaded helical line to meet the design objectives has been
shown to be a viable technique. The insertion loss and frequency range
objectives were exceeded. For example, the line is capable of operating up
to 80 MHz. The 10-nanosecond time delay variability can be met using a line
that is approximately 6.0 inches long. Since the line is electrically con~
trolled, the time delay variation rate of 15-20 Hz can be easily obtained.
The time delay variation is continuous with the applied dc magnetic field
and small time delay resolution is obtainable. The line can handle 50 watts
average power. The intermodulation measurements showed the line had good

linearity, and the linearity may possibly be improved further through improved

construction techniques or through use of different materials.
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TABLE 11

INTERMODULATION PRODUCTS LEVELS FOR DESIGN MODEL 2

TEST FREQUENCIES IM PRODUCT LEVELS
f1 = 30 MHz, 2 watts 5 MHz, -62 dB

!
f2 = 35 MHz, 2 watts 60 MHz, -52 dB

65 MHz, -46 dB

70 MHz, -54 dB

. f1 = 25 MHz, 2 watts 5 MHz, -60 dB
8 £, = 30 MHz, 2 watts 50 MHz, -56 dB *
X 55 MHz, -50 dB
=
3 60 MHz, -54 dB
-
> |
d £, = 25 MHz, 2 wvatts 10 MHz, -56 dB ]
‘ [
£, = 35 MHz, 2 watts 50 MHz, -56 dB § |
o ‘
> 60 MHz, -50 dB 4J
]

' 70 MHz, -54 dB

g e
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5.0 UHF VARIABLE DELAY LINE

A version of the ferrite-loaded helical line was considered for the
UHF delay line. However, early in the program, based on the trade-offs
discussed in Section 4.2, preliminary designs showed that the ferrite-load-
ed helical line would be very lossy and would probably exceed the design
objective of 7 dB. Based on this conclusion and consideration of alterna-
tives, it was determined that the coupled helical transmission line had
promise as a viable UHF variable time delay technique. This is the tech-

nique reported on in this section.
5.1 UHF DELAY LINE DESIGN PRINCIPLES

A number of investigators [6-10) has studied the coupled helical trans~
mission line. The design principles discussed here are based on these ear-
lier studies. Figure 22 shows a simplified coupled helical line. The axial
phase velocity on the open helix is a fraction of the free-space phase veloc-
ity. By mechanically changing the position of the movable coupler, the
time delay is varied. There is no electrical contact between the couplers
and the open helix. A few inches of separation between the fixed coupler

and the movable coupler can be equivalent to a few feet of separation in

free space.

SHIELDED

HELICES
AXTAL MOTION

e

FIXED
COUPLER

MOVABLE

COUPLER \/\/\/\/
__///’
OPEN TERMINATION

HELIX l
INPUT OUTPUT
SIGNAL SIGNAL

Figure 22. Simplified Coupled Helical Line
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The property of an open helical transmission line that makes it useful
for time delay applications is that, over a wide frequency range, a current
wave travels at approximately the velocity of light along the helical conduc-
tor, and when the wave is observed from the axial direction,a relative retar-
dation results. The relative retardation is equal to the ratio of the cir-
cumference of a helix turn to the helix pitch. This ratio is defined as

the delay factor and is equal to:

wave velocity along conductor 9)
wave velocity along axis

Delay factor

-.c __h
L Tk
where
¢ = velocity of light
Vo = velocity in axial direction
k = free-space propagation constant
h = axial propagation constant.

The delay factor is also equal to:

Delay factor = length of helix turn . 10
pitch
The pitch angle is defined as:
-1 p
V= tan - (11)
2ma

where
p = pitch in inches

a = helix turn radius in inches.

The length of a helix turn is equal to p cscy. Substituting this relation-

ship in Equation 10 gives:

Delay factor = csci. (12)




.
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From the above equations, it is evident that the helix velocity ratio can
be adjusted by changing the helix diameter and the pitch. The propagation
characteristic of an open helix is shown in Figure 23. There are certain
regions that are excluded for slow wave propagation. If the open helical
line is operated in the excluded regions, it becomes an inefficient trans-
mission line and power radiates from the line. The mode characteristics
of interest are labeled "1" in the Figure 23. This method of operation
is referred to as the slow wave or delay-line mode of propagation.

A shielded helix is also needed to construct the coupled helical line.
The shielded helix is a concentric helix within a conducting cylinder.
The shielded helix propagation characteristics are similar to the open helix
except that modes can now exist in the excluded regions of propagation.
These modes have cutoff frequencies and propagation characteristics similar
to those that can exist in cylindrical waveguides. The conducting cylinder
of the shielded helix does affect the propagation characteristics. However,
to a first approximation the shielded helix dimensions can be selected using
the equations for the open helical line.

Next consider the coupling between two helices where an open helix
is concentrically placed inside the shielded helix. This configuration is
the coupling method used for the coupled helical line. According to

Kompfner's investigations and studies [8] if the helices are oppositely

0.5
EXCLUDED EXCLUDED REGION EXCLUDED REGION

REGION OF OF PROPAGATION OF PROPAGATION
PROPAGATION

0.25 SLOPE = SIN ¢

ha tan ¢ = hp/2n

Figure 23. Propagation Characteristics for Helical Line.
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wound and the phase velocities on each helix are equal, complete unidirec-
tional power transfer takes place when the helices are coupled over a length.
Kompfner also showed that the beat wavelength between the two helices is
stationary with respect to frequency, if the correct choice of geometrical
parameters is made. To obtain stationary beat wavelength, the radius of

the shielded helix should be approximately 1.5 times that of the open helix.
The beat frequency is the rate at which power is transferred from one helix
to the other and back when the two helices have equal phase velocities.

The beat wavelength is equal to [8]:

Fw )'C = 2re(b-a) (13)
where
= 2.718
= shielded helix radius in inches
a = open helix radius in inches.
The shielded helix length should be approximately equal to one-quarter
beat wavelength for maximum power transfer to the open helix. The number
) of turns for the shielded helix is equal to the one-quarter beat wavelength
Mg divided by the helix pitch.

The input impedance of the shielded helix is a function of the shield
and helix diameters, the helix pitch, and the dielectric material between
the helix and shield. Kirschbaum [11] presents equations and graphs for
the characteristic impedance of the shielded helix.
Calculations by Peters [12] predict that for minimum attenuation and
peak power-handling capability the ratio of the helix wire diameter to the
helix pitch should be approximately equal to 0.35. The power-handling capa- :
bility of the coupled helical line is limited by the breakdown voltage be- 4

N A e

tween the shielded helix shield and its helix. Since the breakdown voltage

of air is 75 peak volts/mil, the coupled helical line can be readily designed

BIR

for 50 watts. In fact, Stark [7] designed a coupled helical line that had
350 kW power-handling capabilities.
The frequency range of the coupled helical line is limited for a given

set of geometrical parameters. As the frequency increases, a point is reached
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where the helix circumference is greater than a half free-space wavelength.
Above this frequency, high order modes occur and the coupled helical becomes
inefficient. As the frequency decreases, the ratio of the helix wave velocity
along the conductor becomes approximately equal to the axial wave velocity,
and a delay factor of unity results. The diameters of the helicies can

be made larger to increase the delay factor, but the physical dimensions

of the coupled helical line become unwieldy.
5.2 UHF LINE MODEL CONSTRUCTION

"The coupled helical line was designed using the design principles dis-
cussed previously. A delay factor of 9.5 was initially selected, and the
geometric dimensions were calculated using the design equations. Figure
24 shows the coupled helical line configurations and its design data. A
picture of the line is shown in Figure 25. Notice this is a double coupled
helical line. This configuration has twice the time delay variation as
compared to the single helical line. The configuration also has the advan-
tage that the input and output cables remain fixed.

After the coupled helical line was constructed, the pitch of the open
helix was adjusted to minimize the coupling variation as a function of fre-
quency. Even after these adjustments, it was found that terminations were
necessary on each end of the open helical lines to reduce reflections.

These terminations were constructed from Du Pont P 60703 resistive paper.
Two triangles 6 inches in height with 2.,25-inch bases were cut from the
resistive paper. The triangles were wrapped around the inside circumference
of the open helix. The apex of the triangles pointed along the axial direc-
tion of open helix. By terminating the shielded helix in a 330-ohm resis-

tor, reflections were further reduced.
5.3 EXPERIMENTAL RESULTS FOR UHF DELAY LINE

The test instrumentation and procedures used to make the experimen-
tal measurements are found in Appendix B. Time delay, insertion loss,
and VSWR characteristics were measured.

The measured group delay as a function of frequency for different cou-
pler separation distances is shown in Figure 26. The separation is the dis-
tance L. in Figure 24. Positioning the movable coupler from 2.0 inches

5
to 16.0 inches results in an average group delay variation of 15 nanoseconds.
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FIXED SHIELDED HELIX

MOVABLE SHIELDED HELIX

OUTPUT TERMINATION
~> \
T MAISASEI]
OPEN HELIX 2 Ay T-

SHIELD

OPEN HELIX 1 My
L
= 5 >

INPUT

— 1L > fe=— Ly ~>
2
L. |
HELTCAL LINE DESIGN DATA

Open helix fOrm ..ooviiunri i iinenrranenrnnenaa 1.5" 0D x .125" wall polystyrene

Shielded hellx form ....vvunrnnvninvninnernnannuenans 2.25" OD x .125" wall polystyrene

Open HeliX toviuiniiereruirnnseninnsaroniranencennnnns .125" OD copper tubing, .625" pitch, 1.6 tpt

Shielded helfx ..ottt it e iinrann .25" OD copper tubing, .88" pitch, 1.13 tpi

1 - P 2.875" 1D x 2.0" length copper tubing

Open hellx length ... ... .o i iiiiiiiiiiieina.. 29.5 inches (Ll)

Open helices separation ... oo iiiivenneianonn 5.5 inches (LA)

Open helix terminatfon ......c.. 00000 e 6.0 inches (L,), resistive paper

©  (du Pont P60703)
Shielded helix Ioad .......vriinnnniiiienannnnnnnnn 330 ohm resistor (R)
Figure 24. Coupled Helical Line Configuration and Design Data
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Figure 25. Photograph of Coupled Helix
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Figure 26. Time Delay oi the Coupled Helical Line at Different
Coupler Separatioms.
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The variation of the group delay is attributed to reflections. The pres-

ence of reflections is evident in Figure 27, which shows the VSWR of the
coupled helical line at the same coupler separations.
The time delay characteristics as a function of coupler separation for
frequencies 200 MHz, 300 MHz, and 400 MHz are graphed in Figures 28, 29,
and 30, respectively. Both the group and phase delay (see Appendix A) are
plotted. Considerable variations, particularly in Figure 28, are evident
in the group delay, and these variations are again attributed to reflections.
The measured insertion loss is given in Figure 31. Insertion loss varied
from 9 to 14 dB which is somewhat higher than the 7 dB design objective.
Measurements showed that most of the loss occurs in the couplers.
Power-handling capability of the coupled helical line was not tested.
Other investigators [7] have shown the line can be designed for kilowatt
power levcls.
Measurements of the time delay resolution were made. Resolution of
*0.1 nanoseconds were observed, but measurements to the accuracy of +0.01

nanosecond were beyond the instrumentation resolution capability.
5.4 CONCLUSIONS - UHF DELAY LINE RESULTS

A coupled helical line has been investigated as a candidate technique
to meet the UHF delay line design objectives. The design principles have
been outlined, a model has been constructed, and experimental measurements
have been completed. Time delay characteristics, insertion loss, and VSWR
were measured.

The line can meet the time delay variation objective of 10 nanoseconds
and the frequency range objective of 200-400 MHz. Even though the power-
handling capability was not tested, the design of the line makes it inherent-
ly capable of high-power levels.

The insertion loss varied from 9-14 dB and is somewhat above the design
objective of 7 dB. Reflections are a problem on the line. However, it
is felt that the insertion loss and the reflections can be reduced by improv-
ing the couplers and terminations through redesign.

The coupled helical line is mechanically controlled. Measurements showed

that time delay resolution was at least *0.1 nanosecond. The time delay res-

olution and variation rate will depend on the mechanical positioner design.
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Figure 27, VSWR of the Coupled Helical Line at Different
Coupler Separations
28
24 1
PR 20 ]
o -
i °
&
* S
~¢ o 16 1
w
Q
o
o
£
B 5 12 GROUP DELAY (ABSOLUTE)
. a
§ q
-t
. -
8
!-g PHASE DELAY (RELATIVE)
N 4
0 a L E— Y T L v ¥ - — M —
vl 0 1 2 3 4 5 6 7 8 9 10 1

. COUPLER SEPARATION (ipches)

Figure 28. Time Delay Characteristics at 200 MHz of the Coupled
Helical Line |




24

20

GNOUP DELAY (ABSOLUTE)

12

TIME DELAY (panoseconds)

- 8
1 ] PHASE DELAY (RELATIVE)

0 v T - —r a g T —~—

0 1 2 3 4 5 o 7 8 9 10 11

COUPLER SEPARATION (inches)

Figure 29. Time Delay Characteristics at 300 MHz of the Coupled
. Helir~al Line

28
24
20
g =
- 2
. g
P ] 16
2
, 3 GROUP DELAY (ABSOLUTE)
) £
>
. 12
. 3
=]
B
8
PHASE DELAY (RELATIVF)
i
I 0 1 F] k) 4 5 [] 7 8 9 10 11
R ] COUPLER SEPARATION (inches)

Figure 30. Time Delay Characteristics at 400 MHz of the Coupled
Helical Line




saydur Q°I1 = uoflleaedas

127dnoy 103j 2up] [EOIT3H paydno) 3yl 3Jo SSOT UOTIIISUY  °TE 2an313
(zHW) XONANDIYA
00% 08¢ 09¢ (42 0zt 00¢ 08¢ 092 ot 1144 002
[ A - A J— N A L 'y A v
0
K
&
9
b 8

(9P) SSOT NOILWASNI

39

2 2L AR

Pu. - S

N

S S

o

-

-



6.0 SUMMARY AND RECOMMENDATIONS

Two techniques have been identified as viable candidates to fulfill
the design objectives for an HF and UHF variable time delay line. For the
HF line, a ferrite-loaded helical line, that is electrically controllable,
has been designed, constructed, and tested. For the UHF line, a coupled
helical transmission line, that is mechanically controllable, has also been
designed, constructed, and tested.

Experimental results for the ferrite-loaded helical line were very
good. Based on the results, most of the design objectives can be met with

this line. However, further improvements may be possible with more precise

SO

construction. Design models with different ferrite compositions or larger
diameter (increased volume per unit length) ferrite rods may improve lineari- i
ty further and thus improve the intermodulation product levels. By machining
a helix form into the ferrite rod and metallizing over the form, a more
precise construction will result and thus reduce the thickness of air gaps.
This construction would be expected to improve the time delay variability

per unit length. As a recommendation, consideration should be given to

using strontium titanate in place of calcium titanate. Strontium titanate

N has a dielectric constant of 250 as compared to 140 for the calcium titanate.

fi The higher dielectric constant will improve even further the time delay T

'~; variability per unit length.

= Experimental results for the coupled helical line were encouraging. :

;, Improvements are recommended to meet all the design objectives. Reflec-

iz tions cause group delay ripple. However, it is felt that the reflections

t can be reduced through improved or different coupler designs and through :
improved terminations. Further research is needed to define the obtain-

e ‘ able time delay resolution and time delay variation rate using different

i ' mechanical positioners.

.‘ [
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APPENDIX A

TIME DELAY RELATIONSHIPS

Ideally, the signal through a delay line should propagate without any
distortion (variation) in phase or amplitude. Such characteristics are
especially desirable for a delay line used in an ICS. Figure A-1(a) shows
the ideal characteristics for a distortionless (but lossy) transmission
line. The loss is constant and the phase is linear within the bandwidth
of interest. Of course for a distortionless and lossless transmission line
ag= 0.

The phase delay is defined as the slope of the gg curve in Figure A-

1(a). Thus phase delay is equal to:

Bol
t = 5 (A"l)
P o
where
to= phase delay in seconds
8, = phase constant in radians/second
w, o= radian frequency (2nf)
2 = length of delay line in meters.
The phase velocity is equal to:
v_. = Y meters/second. (A-2)
P B
Substituting Equation A-2 into A-1 gives: i
i
B 2 L :
t = __0 - - (A"S)
P w v
o P

The phase velocity is the rate at which a single-frequency sinusoid wave
moves down a line and, for an ideal line, it is the velocity of propagation.

The phase velocity is sometimes called the carrier velocity.

i
i
B
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The group delay (sometimes referred to as envelope delay) of a trans-

mission line is defined as:

t = 282 seconds. (A-4)
8 dw
Since the group velocity is equal to
Vo = g: meters/second, (A-5)

the group delay expressed in terms of the group velocity is:

t = -*_ seconds. (A-6)
v

g
g
For a distortionless transmission line, the phase characteristic is linear
and has a constant slope. Thus the phase delay is equal to the group delay
for the distortionless line.

Now consider a transmission line that has distortion or is disperc<ive.
For a dispersive line the phase velocity changes with frequency. In this
case the individual sinusodial components of a complex wave will shift in
relative phase as they move down the line, i.e., some components will move
faster than others. At some point on the line, the sinusoidal components
may add to produce a wave shape quite different than the input wave shape.
Thus for large line dispersion, it may be impossible to state a single velo-
city describing the propagation of a wave since the signal composite changes
shape as it travels. However, if there is little dispersion over the fre-
quency band of interest, the group delay is a useful concept.

Consider the characteristic of a line with distortion shown in Figure
A-1(b). The characteristic is not linear with frequency, but the loss is
constant over the bandwidth. The phase delay is the slope of a line from
the origin to the point G'o’ Bo ). The group delay is the slope of the
characteristic at the same point. Obviously, the group delay and phase
delay are not equal. If the loss, af, characteristics vary rapidly with
the bandwidth, a group velocity can be defined, but it will not represent
the velocity of the signal composite. So, the group delay does not always

have physical meaning unless certain conditions are met.

A-3
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Reflections on a transmission line change the group dulay, since the
reflections combine with an incident signal to change the signal composite.
The effects of r~flections can be seen from Figure A-2. The group lelay
was measured through a low-pass filter with various loads. For a 1.0 VSWR
load (50 ohms) the group delay is constant when well within the band. Within
the skirt region of the filter, the group delay is not constant indicating
dispersion. When the load is changed to a 1.5 VSWR or a 2.0 VSWR load,
the group delay changes and is not constant. Thus the minimization of re-

flections is an important consideration in the design of a delay line.

18

10 2.0 VSWR LOAD

CROUP DELAY (nanoseconds)

1.0 VSWR LOAD

W 70 90 110 P30 150 170 190 210 230 250

FRFOUENCY (MH2)

Figure A-2. Group Delay of 230 MHz Low-Pass Filter with
Various Loads
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APPENDIX B
MEASUREMENT INSTRUMENTATION

B.1 INTRODUCTION

The test instrumentation and procedures used to measure the charac-
teristics of the ferrite-loaded helical line and the coupled helical line
are discussed in this Appendix. Many of the measurements were common to

both lines while other measurements were not.
B.2 TIME DELAY

Group delay was measured in accordance with the procedures set forth

*
in Hewlett-Packard's Application Note 91 . The instrumentation is depicted
in Figure B-1. The vector voltmeter, HP 8405A, measures both amplitude and

phase through the channel A and B probes. The power splitter and pads bal-

Y

.l

‘o

"Q :.h.

ance and isolate the probe signals.

VECTOR
c | VOLTMETER

CHANNEL B

HP-84054

LOAD <4 TEE }— PAD SPLITTER

PAD

SYNTHESIZED
SIGNAL
GENERATOR

HP-8660C

DELAY
LINE

h‘_/ PROBE

-

TEE

—

LOAD

Figure B-1. Instrumentation for Measuring Time Delay and

Insertion Loss

*
"How Vector Measurements Expand Design Capabilities - 1 to 1000 MHz",

January 1968,
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The group delay (see Appendix A) is defined as:

e VR T (8-1)

where
Af

frequency change in MHz

Ay phase change in degrees.
1f Af= 2.778 MHz, the group delay in nanoseconds is equal to A¢. In general,
group delay can be determined by changing the frequency in increments of
2.778-10" KHz and determining the group delay from the corresponding vector
voltmeter changes with scale factors of 10" microsecond/degree, where n
=0, 1, 2, - - - -. The synthesized signal generator in Figure B-1 was
set at a test frequency and stepped in a known frequency increment to find
the group delay. This method of measuring group delay was verified using
a Tektronix 3576 sampling scope. The scope was not used for the group delay
measurements since the desired resolution, particularly in the HF band,
could not be obtained.

The phase delay (see Appendix A) was measured by noting the phase shift

at each test frequency and using the equation:

e T (B-2)
A 360
where
tp = phase delay in seconds
A¢ = phase shift in degrees
T = period of signal in seconds.

B.3 INSERTION LOSS

The insertion loss was also measured using the instrumentation in Figure
B-1. With the delay line removed, the channel A and B ratio is unity.

(Actually, for some frequencies this was not the case and correction factors

B-2
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were measured). When the delay line is present, the ratio of channel A
to Channel B signal is the insertion loss of the delay line., The vector

voltmeter displays this ratio directly in dB.
B.4 VOLTAGE STANDING WAVE RATIO (VSWR)

The VSWR was measured in accordance with the procedures set forth in Hew-
lett Packard Application Note 77-3*. The instrumentation is shown in Figure
B-2. Basically, the vector voltmeter was used to measure the ratio of the
incident signal to the reflected signal to find the reflection coefficient.

The VSWR was then calculated from the equation:

1+ lpl
VSWR = —7 - 1,T o] (B-3)

where [pl is the magnitude of the reflection coefficient.
B.5 IMPEDANCE

The impedance measurements were made using an HP 4815A RF Vector Impe-
dance Meter. This instrument measures directly the impedance as a function

of frequency.
B.6 POWER-HANDLING CAPABILITY

The power handling capability was determined with the instrumentation
setup shown in Figure B-3. The power oscillator has a maximum output of 50
watts. The power oscillator output power was first calibrated with the
delay line removed.

The power oscillator was operated at 50 watts average power, and its power
was monitored using the 30 dB, 20 watt attenuator (the attenuator was air-
cooled) and the power meter. After the power oscillator and attenuator had
temperature stabilized, the delay line was inserted. The power oscillator
was adjusted to account for the delay line insertion loss. With the delay
line in place, the power was monitored on the power meter so as to note any

change in insertion loss as the delay line dissipated heat.

*
"Measurement of Complex Impedance ~ 1 to 1000 MHz", April 1967,
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CHANNEL A VECTOR CHANNEL B
VOLTMETER
LOAD HP-8405A
1
TEE LOAD
)|
|
LINE TEE
STRETCHER PROBE
| I
SYNTHESIZED
BI-DIRECTIONAL
SIGNAL COUPLER DELAY
GENERATOR LINE |
HP-778D l
HP-6660C | LOAD
|
SHORT
Figure B-2. Instrumentation for Measuring VSWR
POWER POWER
DELAY
ATTENUATOR
OSCILLATOR LINE 304B-20W METER
AILTECH | HP-4354
M-184 l

CALIBRATE POWER OSCILLATOR
WITHOUT DELAY LINE

Figure B-3. Power-Eandling Capability Measurements

o e
« AR

tq aa T

B-4




B.7 INTERMODULATION PRODUCTS

Figure B-4 shows the instrumentation used to determine the intermodula-
tion products. Basically, two high-power signals fl and f2 were combined
; through a hybrid junction (which was air-cooled). Next the signals were
filtered through a Sierra low-pass filter with a 44 MHz cut-off frequency.

With this configuration, no intermodulation products were present at the

test frequencies as long as fl and f2 signals were separated by at least

5 MHz. The tuned power amplifier pass band was not sharp enough to provide
adequate isolation for signals closer in frequency.

?'; The intermodulation products of the delay line were measured on the

spectrum analyzer by noting amplitude and frequency.
B.8 MAGNETIC FIELD CALIBRATION

The magnetic field used to change the time delay of the ferrite-loaded
helical line was generated using solenoids. The relationship between the
solenoid current and the resulting magnetic field was calibrated using a
Bell Model 620 gaussmeter with a Hall Effect probe. The magnetic field
at the end face of the solenoid was measured and then corrected to the sole-

noid center using the equation:

H = € (B~4)

,g where ¢ " magnetic field at solenoid center
He = magnetic field at solenoid end
R = solenoid radius

-
I
[}

solenoid length.
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MISSION
of !
Rome Air Development Center
RADC plans and executes nesearch, development, test and
delected acquisition programs in support of Command, Control
Communications and Intefligence (C31) activities. Technical
and engineering suppont within areas of technical competence
48 provided to ESD Prognam Offices ( P0s) and other ESD
elements. The principal technical mission areas are
communications, electromagnetic guidance and control, sur-
veillance of ground and aerospace objects, J.n/tel;&cgence data
collection and hand!;mg, ingornmation system tcchnol.ogy,
Lonodpheric propagation, solid state sciences, microwave
physics and electronic reliability, maintainability and
compatibility.
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